Recent studies demonstrated that inner hair cell (IHC) ribbon synapses, the firstsynapse in the mammal auditory system, could be degenerated by noise and aging, leading to hidden hearing loss (HHL) and eventually other hearing disorders. However, the underlying mechanism remains unclear. Here, we report that elevation of extracellular K + could induce IHC ribbon degeneration. Similar to noise-exposure, the degeneration was dose-dependent and only occurred in IHCs. Blockage of Ca 2+ -dependent K + (BK) channels attenuated the degeneration. However, application of the IHC ribbon synapse neurotransmitter glutamate and glutamate receptor (GluR) agonists only caused ribbon swelling but not degeneration; GluR antagonist also had no effect on the regeneration, suggesting that glutamate-excitotoxicity is not a mechanism for ribbon degeneration in IHCs. These data reveal a new presynaptic mechanism for IHC synapse degeneration and HHL, and also suggest that the BK channel is a potential target for prevention and treatment of this common cochlear synaptopathy.
Introduction:
Noise is a common factor for deafness. It has been estimated that more than 100 million people in the United States have noise-induced hearing loss. Recent studies demonstrated that even exposure to moderate levels of noise in a short-term episode, the ribbon synapses between inner hair cells (IHCs) and auditory nerves are extensively degenerated without hair cell loss (1) (2) (3) (4) , therefore leading to hidden hearing loss (HHL) (2, [5] [6] . This cochlear synaptic degeneration could eventually cause impairment in neural adaptation and temporal and speech processing and results in difficulty in hearing speech in noisy environments (7) (8) (9) . Such complains account for ~10% of patients who present to otolaryngology clinics (7, 10) . This cochlear synaptopathy is also associated with early stage of age-related hearing loss and other hearing disorders (2, [11] [12] [13] [14] . However, the underlying mechanism for this cochlear synaptopathy remains unclear.
The ribbon synapses between IHCs and auditory nerves are composed of presynaptic ribbons in IHCs and postsynaptic glutamate receptors (GluR) at auditory nerve endings ( Fig. 1A ). Glutamate is a major neurotransmitter of this ribbon synapse (15) . It has been hypothesized that noise exposure may increase glutamate release producing excitotoxicity leading to cell and synapse degeneration (16) (17) (18) . However, GluRs locate at the postsynaptic auditory nerve endings. This glutamate excitotoxicity hypothesis is hard to explain presynaptic ribbon degeneration in hair cells. Moreover, it has been found that despite substantial terminal swelling following perfusion of GluR agonists, the presynaptic and postsynaptic components remained intact (19, 20) . A recent study also demonstrated that ribbon synapses in GluR deficient mice could still be swollen for noise exposure (18) . These data suggest that except glutamate-excitotoxicity other mechanisms may also play an important role in ribbon degeneration.
It has been well-known that noise-induced hair cell and auditory nerve excessiveexcitation increases intracellular K + -efflux from hair cells and auditory nerve endings, thereby leading to elevation of extracellular K + concentration. Also, noise could impair the reticular lamina integrity and the endolymph-perilymph barrier allowing K + -rich endolymph (K + =~150 mM) entering the perilymph to elevate extracellular K + concentration around hair cells producing K + -toxicity (21, 22) . In this study, we found that high-K + could cause IHC ribbon degeneration. The degeneration could be attenuated by K + channel blockers. However, glutamate and GluR agonists could cause ribbon swelling but not degeneration. These data demonstrated that K + -excitotoxicity rather than glutamate-excitotoxicity plays a central role in the IHC ribbon synapse degeneration in HHL. These data also shed light on the prevention and treatment of the cochlear synaptopathy and HHL.
Results:
Degeneration of IHC ribbons by high-K + Fig. 1 shows that high extracellular K + caused IHC ribbon degeneration. After challenge with 50 mM K + for 2 hr, the ribbon numbers in IHCs were significantly reduced from 14.9±0.81 /IHC in the control group, which was incubated with NES for 2 hr, to 7.55±0.52/IHC (P=1.66E-5, paired t test, two-tail) in the high-K + group; the IHC ribbons were reduced by ~50% ( Fig. 1D -G). High-K + also caused ribbon swollen ( Fig.   1E ). In comparison with that in control group, the ribbon volume in the high-K + group was increased by 1.80±0.22 fold ( Fig. 1G , P=0.003, paired t test, two-tail). We further examined the effect of incubation procedure on the ribbon swelling and degeneration ( Fig. S1 ). The numbers of ribbons in the non-incubation group, in which the inner ears were immediately fixed for immunofluorescent staining after isolation, were 12.3±0.96/IHC and had no significant change in comparison with 12.3±1.01/IHC in the incubation of NES incubation for 2 hr (Fig. S1C) (P=0.98, pared t test, two-tail).
However, the average volumes of ribbons in the non-incubation group and in the incubation group were 0.520±0.037 and 0.683±0.048 μm 3 , respectively (Fig. S1D); the ribbon volumes in the incubation group were significantly increased by 31.3% (P=0.002, paired t test, two-tail). K + -induced ribbon degeneration is dose-dependent ( Fig. S2 ). As extracellular K + concentration increased, the ribbon degeneration was increased. When the extracellular K + -concentration was greater than 30 mM, the ribbon degeneration reached a stable stage level. The median concentration of K + was at 24.7 mM.
Elimination of ribbon degeneration by Ca 2+ -dependent K + channel blockers
To further test whether K + -excitotoxicity causes ribbon degeneration, we added a Ca 2+ -dependent K + channel blocker tetraethylammonium (TEA) in the high-K + (50 mM) incubation solution. Fig. 2 shows that TEA could significantly attenuate K + induced ribbon degeneration. With 20 mM TEA, 82.2±1.85% of IHC ribbons was reserved for high-K + challenge in the high-K + +TEA group (Fig. 2C ). In comparison with the degeneration in the high-K + group, the ribbon degeneration in the high-K + +TEA group was significantly reduced by 63.8% (P=0.01, paired t test, two-tail). However, the ribbon swelling was not reduced. In comparison with that in NES group, the ribbons in the high-K + group and high-K + +TEA group were swollen by 1.80±0.18 and 1.80±0.20 fold, respectively ( Fig. 2D ). There was no significant difference between these two groups (P=0.95, paired t test, two-tail).
Fig. 2
We also used Co ++ to block Ca ++ channels and Ca ++ -dependent K + channels.
Application of Co ++ (2 mM) significantly reduced high-K + induced IHC ribbon degeneration and swelling ( Fig. 2E-H ). The ribbon survival was increased from 50.8±7.00% in the control high-K + group to 72.7±7.07% in the high-K + +Co ++ group (Fig.   2G , P=0.006, paired t test, two-tail), increased by 44.5%. Co ++ also significantly eliminated ribbon swelling (Fig. 2H ). The ribbon in the high-K + group were swollen by 1.80±0.16 fold in comparison with that in the NES control group and were reduced to 1.29±0.14 fold in the high-K + +Co ++ group (Fig. 2H, P=0 .005, paired t test, two-tail), reduced by 63.8%. TEA, 2 mM Co ++ , and 20 mM Cs + , to block both K + and Ca ++ channels, could almost completely eliminate ribbon degeneration. In the high-K + +EIBS group, 95.5±3.0% of IHC ribbons were reserved, i.e., only 4.5% of ribbons were degenerated for 50 mM K + challenge ( Fig. 3A, P=0 .002, paired t test, two-tail). The survival of the ribbon number in the high-K + +EIBS group was significantly increased in comparison with that in the high-K + +Co ++ group but was not significantly changed in comparison with that in the high-K + +TEA group (Fig. 3C, P=0 .008 and 0.193, respectively, one-way ANOVA with a Bonferroni correction). The ribbon swelling in the high-K + +EIBS group was also reduced to 1.24±0.17 fold ( Fig. 3B ) and was significantly reduced by 70.0% (P=0.0007, paired t test, two-tail), similar to the reduction in sole Co ++ treatment ( Fig. 3D, P=1 .00, one-way ANOVA).
Glutamate receptor agonists can cause ribbon swelling but not degeneration
However, IHC ribbons were not reduced by application of high-concentration of GluR agonists. Fig. 4 shows that application of GluR agonist glutamate (0.2 mM), KA (0.3 mM) or NMDA (0.3 mM) did not produce apparent ribbon degeneration. In comparison with that in the control cochlea with normal NES incubation, 97.4±3.90%, 97.4±8.56%, and 101.4±10.2% of IHC ribbons were reserved after treated with glutamate, KA, and NMDA, respectively (Figs. 4C,E,G). There were no significant differences between control and treated groups (Figs. 4C,E,G; P=0.55, 0.70, and 0.83, respectively, paired t test, two-tail). However, GluR agonists could cause ribbon swelling (Figs. 4D,F,H). In comparison with that in the control ears, the volume of ribbons in groups treated with glutamate, KA, or NMDA was significantly increased by 2.08±0.15, 1.65±0.20, and 1.75±0.24 fold, respectively (P=0.0002, 0.01, and 0.04, respectively, paired t test, two-tail).
Fig. 4
GluR antagonists also could not eliminate high-K + induced ribbon degeneration and swelling ( Fig. 5 ). Application of a GluR antagonist cyanquixaline (CNQX, 0.1 mM) had no significant effect on the K + -induced ribbon degeneration and swelling. There were no significant differences in ribbon numbers and volumes between the high-K + group and the CNQX+high-K + group (P=0.05 and 0.25, respectively, paired t test, two-tail).
Fig. 5

Noise-induced ABR threshold shift and cochlear ribbon synapse degeneration
We further examined the ribbon synapse degeneration after exposure to noise. Fig. 6 shows ABR threshold shift and the cochlear ribbon degeneration after exposure to white noise (95dB SPL) for 2 hr. The ABR thresholds were significantly increased after noiseexposure ( Fig. 6A&B ). Before noise exposure, there were no significant differences in ABR thresholds between control and noise-exposure groups (Fig. 6A Moreover, both noise-exposure and high-K+ challenge only caused IHC ribbon degeneration but not outer hair cell (OHC) degeneration (Fig. S3 ). The OHC ribbons in the control group and high-K + (50 mM) group were 2.40±0.04 and 2.43±0.04 per OHC, respectively ( Fig. S3C ). There is no significant difference between them (P= 0.31, paired t test, two-tail). In addition, there is no significant difference in OHC ribbons between noise-exposure and control groups ( Fig. S3D-F ). The OHC ribbons in the control group and noise-exposure group were 2.38±0.05 and 2.47±0.04 per OHC, respectively (P=0.25, t test, two-tail).
Discussion:
The ribbon is the structural hallmark of IHC afferent synapses in the cochlea. In this study, we found that high-K + could cause IHC synaptic ribbon degeneration and swelling ( Fig. 1 ). Similar to noise exposure induced hearing loss and ribbon synapse degeneration, the K + -induced ribbon degeneration was dose-dependent ( Fig. S2 ). K + channel blockers could attenuate ribbon degeneration but not swelling, while Ca ++ channel blockers could attenuate both ribbon degeneration and swelling (Figs. 2&3). However, GluR agonists could cause ribbon swelling but not degeneration ( Fig. 4 ). Application of the GluR antagonist CNQX also had no effect on high-K + induced ribbon degeneration ( Fig. 5 ).
Finally, the K + -toxicity induced ribbon degeneration was similar to the noise-induced cochlear synaptopathy, and only occurred in IHCs but not in OHCs (Figs. 6&S3). These data indicate that noise-induced K + -excitotoxicity plays a critical role in the presynaptic ribbon degeneration in IHCs in HHL.
As mentioned above, it has been hypothesized that the ribbon synapse degeneration may result from glutamate excitotoxicity, i.e., acoustic overstimulation (noise exposure) induces excessive glutamate release leading to ribbon synapse excitotoxicity and degeneration (17). However, GluRs mainly locate at the postsynaptic auditory nerve endings. It is hard to explain glutamate excitotoxicity to cause presynaptic ribbon degeneration. Previous experiments also demonstrated that the presynaptic and postsynaptic components remained intact after perfusion of GluR agonists (19, 20) . In addition, a recent study demonstrated that ribbon synapses in GluR deficient mice could still be swollen for noise exposure (18) . In this study, we found that application of GluR agonists could cause ribbon swelling but not degeneration ( Fig. 4 ). Application of GluR antagonist also had no effect on ribbon degeneration ( Fig. 5 ). These results suggest that glutamate-induced excitotoxicity is unlikely to be the main mechanism for presynaptic ribbon degeneration.
In this study, we found that high-extracellular K + caused IHC ribbon degeneration Indeed, it was found that deficiency of BK channels could increase resistance to noiseinduced hearing loss (24). This is consistent with our finding that TEA and Ca ++ channel blocker could attenuate ribbon degeneration (Figs. 2&3). Taken together, these data indicate that K + degenerates ribbon synapses in IHCs by K + -excitotoxicity through BK channel activity. These data also suggest that BK channels may be valuable targets for prevention and treatment of ribbon degeneration in HHL.
These data also reveal that ribbon degeneration and swelling may involve different mechanisms. As shown by the fact that blockage of Ca ++ channels rather than K + channels attenuated ribbon swelling (Figs. 2&3), Ca ++ may play an important role in ribbon swelling and K + excitotoxicity may play a critical role in ribbon generation. This concept is consistent with previous reports that GluR agonists could cause ribbon swelling (20, (25) (26) (27) , due to GluRs are permeable to Ca ++ . Activation of GluRs can induce Ca ++ influx, which may lead to ribbon swelling but not degeneration ( Fig. 4 ).
IHC synapse area is embedded in the perilymph. K + -level in the perilymph is normally as low as in the extracellular space. However, when the sensory cells and neurons are excited, they will release K + from intracellular to the perilymph, which could increase perilymph K + -concentration. The K + -concentration in the local extracellular space around hair cells could be even higher. Noise, aging or other factors also could impair the reticular lamina integrity and the endolymph-perilymph barrier allowing K +rich endolymph (K + =~150 mM) entering the perilymph (21, 22) . High-extracellular K + could produce excitotoxicity. It has been reported that high-extracellular K + following neuron damages and injury by stroke in the brain could cause secondary cell death in the neighboring area (28, 29) . In this study, we found that high-extracellular K + caused IHC ribbon degeneration ( Figs. 1-3 ). The degeneration was increased as K + -concentration was increased ( Fig. S2 ), similar to intensity-dependence of ribbon synapse degeneration for noise exposure (30) . Moreover, as observed ribbon synapse degeneration in HHL by noise exposure, K + excitotoxicity only causes IHC ribbon degeneration but not OHC ribbon degeneration (Fig. S3 ). These data indicate that K + excitotoxicity may play a central role in the noise-induced cochlear synapse degeneration in the HHL.
Our previous study demonstrated that ATP-P2X purinergic receptors are required for sinking K + to reenter into cells in the cochlea (31) . P2X2 is a predominant P2X receptor in hair cells and supporting cells in the cochlea. P2X2 mutation can increase susceptibility to noise and induce hearing loss (32) . P2X2 receptors also have been found to be necessary for the development of noise-induced temporal threshold shift (33) . These studies further support the concept that K + -toxicity may play a critical role in noiseinduced cochlear synaptopathy.
This study also provides important information for mechanisms underlying other cochlear and hearing disorders, such as Meniere's disease. It is well-known that K +toxicity plays a central role in Meniere's disease. Its symptoms have been considered to be K + intoxicating the hair cells and nerve fibers in the perilymph (34, 35) . In this study, we found that high-K + could cause IHC ribbon degeneration (Figs. 1&2). Indeed, it was found that there was a significant decrease in the number of afferent nerve endings and afferent synapses at the base of both inner and outer hair cells in the ear with Meniere's disease (36) . Our finding, therefore, may also provide important information for understanding mechanisms underlying Meniere's disease.
Finally, our finding that K + excitotoxicity causes IHC ribbon degeneration may also shed light on mechanisms for age-related hearing loss. It has been reported that agerelated hearing loss has apparent IHC ribbon synapse degeneration in the cochlea (2, 11, 12, 14) . As mentioned above, cell degeneration could release K + and increase extracellular K + concentration. Age-induced hair cell and SG neuron or auditory nerve degenerations could release K + and increase local K + concentration, which could lead to more extensive ribbon degeneration in neighboring cells in aged-ears, like the secondary cell death following stroke in the brain (28, 29) .
Materials and Methods:
Animal and cochlear preparations
Both genders of adult CBA/CaJ mice (8- 12 
Histological preparations for staining
After fixation, the cochlea was dissected as reported in our previous publications (37, 38) . Under a stereo microscope (SMZ745, Nikon), the bone enclosed the cochlea was gently crashed and removed. Then, the tectorial membrane and stria vascularis were carefully torn off by a fine forceps. The basilar membrane with the organ of Corti (auditory sensory epithelium) was picked away by a sharpened needle and collected for staining. Since the sensory epithelium in the basal turn in mice is very difficultly dissected, the isolated sensory epithelia for immunofluorescent staining in the most cases in this study were come from the apical and middle turns.
Immunofluorescent staining and confocal microscopy
Both of the treated cochlea and the control cochlea in the same mouse were stained in parallel to minimize variations of the performance. As described in our previous reports (39), the isolated cochlear sensory epithelia were incubated in a blocking solution (10% goat serum and 1% BSA of PBS) with 0.1% Triton X-100 for 30 min. Then, the epithelia were incubated with primary antibodies for CtBP2 
Quantitative analysis and image presentation
For ribbon number accounting, the maximum intensity projection was generated from z-stack images. The numbers of CtBP2 labeling in the IHC region and the OHC region were separately accounted by NIS Elements AR Analysis software (Nikon). The ribbon number per IHC or OHC in the each field of view was calculated and then averaged among the observed fields in the each cochlea.
The ribbon volumes were measured by Imaris software (Bitplane Inc., MA, USA).
The 3D-image was created from z-stack sections. The cell-vesicle volume function was selected with 0.15 μm smoothing. The volume measurement was performed by defining a minimum threshold above local background and a minimum acceptable Guissian distribution of voxel intensity to minimize false-positive noise. Similar parameters were used among mice. The volumes of IHC ribbons in at least 3 different fields of view in each cochlea were measured and averaged. The measured ribbon volume was normalized to that in the control ear in the same animal and further averaged among different animals within a given experiment (40).
Noise exposure
To ensure age and sex-matched control, mice in one cage were randomly separated to noise exposure group and control group. For noise exposure, mice were awake in a small cage under loud-speakers in a sound-proof chamber and exposed to white-noise (95-98 dB SPL) for 2 hr, one time. Sound pressure level and spectrum in the cage were measured prior to placement of the animal.
Auditory brainstem response recording
Auditory brainstem response (ABR) was recorded by use of a Tucker-Davis R3 workstation with ES-1 high frequency speaker (Tucker-Davis Tech. Alachua, FL) (37, 38) . ABR was recorded by stimulation with clicks in alternative polarity and tone bursts (4-40 kHz) from 80 to 10 dB SPL in a 5 dB step in a double-walled sound isolation room. The signal was amplified (50,000x), filtered (300-3,000 Hz), and averaged by 500 times. The ABR threshold was determined by the lowest level at which an ABR can be recognized. ABR was recorded at 1-2 day before noise exposure as reference and immediately after noise exposure to assess the threshold shift. 
Statistical analysis
